Reducing the water footprint (WF) of the process of growing irrigated crop is an indispensable element in water 10 management, particularly in water-scarce areas. To achieve this, information on marginal cost curves (MCCs) that 11 rank management packages according to their cost-effectiveness to reduce the WF need to support the decision 12 making. MCCs enable the estimation of the cost associated with a certain WF reduction target, e.g. towards a 13
Introduction
In many places, water use for irrigation is a major factor contributing to water scarcity (Rosegrant et al., 38 2002; Mekonnen and Hoekstra, 2016 ), which will be enhanced by increasing demands for food and biofuels (Ercin 39 and . In many regions, climate change will aggravate water scarcity by affecting the spatial 40 patterns of precipitation and evaporation (Vörösmarty et al., 2000; Fischer et al., 2007) . Reducing the water 41 footprint (WF) of crop production, i.e. the consumption of rainwater (green WF) and irrigation water (blue WF) 74 The application of MCCs in the water sector is just starting. Addams et al. but don't develop MCCs. The first study mentioned studies how farmers would respond if the marginal cost of 81 irrigation water is changed; the second study assesses the marginal value of irrigation water in the production of 82 alternative crops in order to allocate the water based on the highest marginal value. In the area of WF reduction 83 specifically, MCCs have been developed only once, not in the agricultural sector however, but in a case for some 84 factories in different industrial sectors using the expert-based approach (Tata-Group, 2013). The current paper 85 pioneers by developing and applying a model-driven MCC in the area of WF reduction in irrigated agriculture. It 86 thus fills a gap of existing literature on WF reduction, which generally lacks the practical and economic 87 component: what are the subsequent steps and associated costs to achieve increasing levels of water footprint 88 reduction. 89 90
The objective of this study is to develop alternative WF reduction pathways and the MCC for WF reduction in 91 irrigated crop production. We do so for a number of crops and environments. We apply the AquaCrop model, a 92 soil-water-balance and crop-growth model that can be used to estimate the WF of crop production under 93 different management practices, linked with a cost model that calculates annual costs related to different 94 management practices, to systematically assess both WF and costs of twenty management packages. Four case 95 study areas are considered: Rothamsted in the UK, Bologna in Italy, Badajoz in Spain, and Eilat in Israel. Based on 96 the outcomes we construct WF reduction pathways and marginal cost curves. Finally, we illustrate the application 97 of the MCC for WF reduction with a selected case with a certain WF reduction target given a situation where the 98 actual WF needs to be reduced given a cut in the WF permit. 99 100 2. Method and data 101 102
Research set-up 103 104
We consider the production of three crops (maize, tomato and potato) under four environments (humid, sub-105 humid, semi-arid and arid), three hydrologic years (wet, normal and dry year) and three soil types (loam, silty clay 106 loam and sandy loam). We distinguish twenty management packages, whereby each management package is 107 defined as specific combination of management practices: irrigation technique (furrow, sprinkler, drip or 108 subsurface drip); irrigation strategy (full or deficit irrigation); and mulching practice (no, organic or synthetic 109 mulching). 110 111
We develop the marginal cost curves (MCCs) for WF reduction in irrigated crop production in four steps ( Figure  112 1). First, we calculate the WF of growing a crop under the different environmental conditions and management 113 packages using the AquaCrop model (Raes et al., 2013 The four irrigation techniques differ considerably in the wetted area generated by irrigation (Ali, 2011 Deficit irrigation (DI) is the application of water below the evapotranspiration requirements (Fereres and Soriano,  167 2007) by limiting water applications particularly during less drought-sensitive growth stages (English, 1990) . The 168 deficit strategy is established by reducing the irrigation supply below the full irrigation requirement. We 169 extensively tested various deficit irrigation strategies that fall under two broad categories: (1) regulated deficit 170 irrigation, where a non-uniform water deficit level is applied during the different phenological stages; and (2) 171 sustained deficit irrigation, where the water deficit is managed to be uniform during the whole crop cycle. In the 172 analysis of simulations, the specific deficit strategy that is optimal according to the model experiments and for 173 yield reduction not exceeding 2% is used. AquaCrop simulates water stress responses triggered by soil moisture 174 depletion using three thresholds for a restraint on canopy expansion, stomatal closure and senescence 175 acceleration (Steduto et al., 2009b) . 176 177
Mulching is the process of covering the soil surface around a plant to create good-natured conditions for its 178 growth (Lamont et al., 1993; Lamont, 2005 The overall cost of a management package includes initial capital or investment costs (IC), operation costs (OC), 242
and maintenance costs (MC). Investment costs include costs of installing a new irrigation system and/or buying 243 plastics for synthetic mulching. Operation cost refer to costs for irrigation water, energy and labour. Maintenance 244 costs include labour and material costs. Both OC and MC are expressed as annual cost (US$/ha per year). 245 246 Figure 2 shows the average annual investment cost of irrigation techniques and their lifespan. The data are 247 derived from different sources as specified in Appendices A and B. Investment costs that were reported as one-248 time instalment costs were converted to equivalent annual costs based on a 5% interest rate and the lifespan of 249 the techniques. The average annual maintenance cost per irrigation technique -including costs for labour and 250 material -is assumed to be equivalent to 2% of the annualised investment costs (Kay and Hatcho, 1992) . 251 252
The average annual investment costs of US$ 1112 per ha for synthetic mulching is based on the sources as 253 specified in Appendix C. We further assume an average operation and maintenance costs of US$ 140 per ha per 254 year for synthetic mulching and US$ 200 per ha per year for organic mulching. in Table 1 and  the pump efficiency. The pump efficiency can be between 40% and 80% for a pump running at 271 optimum head and speed and is assumed at 60% here (Kay and Hatcho, 1992) . Energy required to transport 272 surface water to the field or to pump up groundwater is not included in the estimates. 273 274
The operational cost related to labour is calculated as the required labour hours per irrigation event times the 275 number of irrigation events times the cost of labour per hour. The number of irrigation events in the crop growing 276 period is simulated with AquaCrop. The required labour hours per irrigation event is shown in Table 1 We consider two baseline management packages: the full irrigation strategy and no mulching practice combined 296 with either furrow or sprinkler irrigation. These two management packages are the most widely deployed types 297 of water and field management (Baldock et al., 2000) . 298 299
The marginal cost (MC) of a unit WF reduction when shifting from one management package to another is 300 calculated as: 301 302 MC of a unit WF reduction = We consider both the additional annual cost of the new management package compared to the previous one and 305 the reduced revenue due to crop yield reduction that may result from the new management package. In the 306 equation, TCx refers to the total annual cost of management package x, Rx to the revenue from crop production 307 when applying management package x, and WFx to the water footprint of management package x. 308 309
The MCC shows how subsequent WF reductions can be achieved in the most cost-effective way by moving from 310 the baseline management package to another package, and further to yet another package and so on. /ha (in the range of 1.6-5.7%) and lower cost (in the range of 4-14%) as compared to full irrigation (FI).
358
The decrease in cost is due to the decrease in water and pumping energy. The WF of crop production always 359 reduces in a stepwise way when going from no mulching to organic mulching and then to synthetic mulching, 360 while the costs increase along the move. This cost increase relates to the growing material and labour costs when 361 applying mulching (most with synthetic mulching), but the net cost increase is tempered by the fact that less 362 water and pumping energy will be required. uncertainties in the costs. 376 377 Figure 5 shows the scatter plot of the twenty management packages, the abscissa and ordinate of each point 378 representing the average annual cost and average WF, respectively, of a particular management package. In this 379 graph, the blue arrow indicates the direction of decreasing WF and costs. The points or management packages 380 connected by the blue line are jointly called the Pareto optimal front or non-dominated Pareto optimal solutions. 381
Moving from one to another management package on the line means that WF will reduce while cost increases, 382 or vice versa, which implies that along this line there will always be a trade-off between the two variables. "Best 383 solutions" may be identified using the MCC when policy goals are specified, for instance a certain In developing a new irrigation scheme or renovating an existing one in a water-scarce area, it would be rational 396 to implement one of the management packages from the Pareto optimal set if the goal is to arrive at a cost-397 effective minimization of the WF of crop production. In an existing farm, where the management package is not 398 in the Pareto optimal set, there can be alternative pathways towards reducing the WF. This involves a stepwise 399 adoption of complementary measures that eventually leads to a management package in the Pareto optimal set. 400 401 Figure 6 shows alternative WF reduction pathways from the two most common baseline management packages: 402 full irrigation and no mulching with either furrow or sprinkler irrigation. The figure shows four WF reduction 403 pathways from the baseline with furrow irrigation and two pathways from the baseline with sprinkler irrigation. 404
In all pathways, the WF of crop production is continually reduced by changing one thing at a time, i.e. either the 405 irrigation technique, the irrigation strategy or the mulching practice. In some cases, a step may be accompanied 406 Not all alternative WF reduction pathways from a specific baseline are equally cost effective. In both cases it 416 makes much sense to move from full to deficit irrigation first, because that reduces the WF and cost at the same 417 time. Next, it is best to move from no to organic mulching because the cost-effectiveness of this measure is very 418 high, which can be measured in the graph (Figure 6 ) as the steep slope (high WF reduction per dollar). Finally, the 419 most cost-effective measure, in both cases, is to move towards drip irrigation in combination with synthetic 420 mulching. One could also move to drip irrigation and stay with organic mulching, which is also Pareto optimal; 421 the cost of this will be less, but the WF reduction will be less as well. For both baseline management packages, we have drawn the MCCs in Figures 7 and 8 for the case of maize. The 426 curves are shown both for reducing the WF per area (Figures 7a and 8a ) and the WF per unit of product ( Figure  427 7b and 8b to estimate what measures can best be taken and what is the associated total cost to achieve a certain WF 458 reduction target. For farmers, it will not be attractive to go beyond the implementation of those WF reduction 459 measures that reduce cost as well, but from a catchment perspective further WF reduction may be required. An 460 MCC will show the societal cost associated with a certain WF reduction goal. Governments, food companies and 461 investors can make use of this information to develop incentive schemes for farmers and/or investment plans to 462 implement the most-cost effective measures in order to achieve a certain WF reduction in a catchment or at a 463 given farm. 464 465
In a hypothetical example, the WF in the river basin exceeds the maximum sustainable level. Agriculture in the 466 basin consists of irrigated maize production with a current consumptive WF on the farms of 6380 m 3 ha -1
. The 467 farms apply sprinkler and full irrigation and no mulching. In order to reduce water consumption in the basin to a 468 sustainable level, the river basin authority proposes various measures including a regulation that prohibits land 469 expansion for crop production and the introduction of a WF permit to the maize farmers that allows them to use 470 no more than 5200 m 3 ha -1
. This means they have to reduce the WF of maize production by 1180 m 3 ha -1
. Figure  471 9 shows how the MCC for WF reduction can help in this hypothetical example to identify what measures can best 472 be taken to reduce the WF by the required amount and what costs will be involved. 473 474
As shown in the figure, we best implement deficit irrigation first (providing a total benefit of 189 USD ha -1 , which 475 is the net result of a 231 USD gain from saved water and a 42 USD loss from crop yield decline), followed by 476 organic mulching (with a total cost of 72 USD ha -1
). The third and last step to finally achieve the required WF 477 reduction can be to implement drip irrigation combined with synthetic mulching on 25% of the maize fields (at a 478 total cost of 366 USD ha -1
). The other 75% is then still with sprinkler and organic mulching, but the combined 479 result is meeting the target. Alternatively, because in this particular case the cost-effectiveness of moving to drip 480 irrigation with organic mulching is close to the cost-effectiveness of moving to drip irrigation with synthetic 481 . This needs to be reduced by 1180 490 m 3 ha -1 in order to meet a given local WF permit. Left: in the third step, drip irrigation combined with synthetic 491 mulching is implemented on 25% of the area. Right: in the third step, drip irrigation (maintaining organic 492 mulching) is implemented on 100% of the area, while in a fourth step synthetic mulching is implemented on 0.5% 493 of the area. 494 495 4. Discussion 496 497
The current paper introduces the method for developing MCCs for WF reduction in irrigated agriculture, and 498
shows how the MCCs can be applied to achieve a certain WF reduction target, like reducing the WF to a certain 499 WF permit level (in m 3 ha ). Water availability per catchment is limited to runoff 500 minus environmental flow requirement . When dividing the maximum amount of water available 501 in a catchment over the croplands that need irrigation, one finds a maximum volume of water available per ha of 502 cropland. This could be translated in water allocation policy into a maximum WF permit per hectare; this is just 503 one way of promoting WF reduction in areas where that is needed. Another way is to create incentives to reduce 504 the WF per unit of production to a certain benchmark level. Thus, the MCCs we develop can be used for analysing 505 a cost-effective WF reduction pathway given either a target level for WF per hectare or a target level for WF per 506 unit of crop. By comparing the cost effectiveness of measures in reducing the WF of growing crops, we found that one can 509 best improve first the irrigation strategy (moving from full to deficit irrigation), next the mulching practice (moving 510 from no to organic mulching) and finally the irrigation technique (from furrow or sprinkler irrigation to drip or 511 sub-surface drip irrigation). In our cost-effectiveness analysis, we did not include the cost of bringing irrigation 512
water from source to field. The cost will be high when the source is a deep water well and/or far away, and low 513 if irrigation water flows to a field by gravitational force or by natural pressure, for example from an artesian 514 aquifer or an elevated reservoir. Given a certain source and distance, the total cost to bring irrigation water from 515 source to field will depend on the volume of water to be transported, which varies across the management 516 packages. We excluded this cost, because it does not affect the finding from the study as we will explain. The cost 517 of supplying water will be highest for furrow irrigation (because this technique involves the largest irrigation water 518 supply at field level), followed by sprinkler and drip or subsurface drip irrigation. Furthermore, the water supply 519 cost is higher for full than for deficit irrigation. Finally, the water supply cost is highest in case of the no-mulching 520 practice (which requires the highest irrigation water supply, because ET is highest), followed by organic and 521 synthetic mulching. The water supply cost for transporting the water to the field thus decreases in the direction 522 of decreasing WF, which implies that the order of changing management practices in order to reduce WFs in the 523 most cost-effective way doesn't change by including water supply costs in the equation. It implies, though, that 524
we underestimated the cost savings associated with water supply to the field when reducing WFs. 525 526
The derivation of plausible WF reduction pathways requires insight in the agronomic plausibility of successive 527 implementation measures in the field. Our findings suggest to first move from full to deficit irrigation, then from 528 no to organic mulching, and finally from furrow or sprinkler irrigation to drip or sub-surface drip irrigation, which 529 is a plausible pathway of changing management practices. Strictly spoken, it would also be cost-effective to first 530 move from sprinkler to furrow and later on to drip irrigation, but in practice that is obviously not plausible given 531 the fact that investment costs need to be spread over the lifespan of a technique. More plausible is to change 532 irrigation technique only once. 533 534
One should be cautious in applying the reported specific values for costs and WF values in other areas than the 535 ones studied here. The results may even change for the areas studied when prices change. In addition, we did not 536 use field data for validating the simulated results. This puts a disclaimer to the simulated results, but we believe 537 that the methods for developing MCCs for WF reduction pathways for irrigated agriculture, and the hypothetical 538 example of this study provide a useful reference for similar future studies. The MCCs can be of interest to farmers 539 who are seeking to or are incentivized to reduce the WF of their production. They can also be of interest to 540 companies in the food and beverage sector, since there increasing interest in this sector to formulate water use 541 efficiency targets for their supply chain and to stimulate farmers to reduce their WF. For investors, the MCCs help 542 to explore the investment costs associated with certain WF reduction targets. Finally, the MCCs can be of interest 543 to water managers responsible for water allocation to farmers, providing them with information on the costs to 544 farmers if they reduce WF permits to farmers. 545 546 547  548 In this study, we have developed a method to obtain marginal cost curves for WF reduction in crop production. 549
Conclusion
The method is innovative by employing a model that combines soil water balance accounting and a crop growth 550 model and assessing costs and WF reduction for all combinations of irrigation techniques, irrigation strategies 551 and mulching practices. This is a model-based approach to constructing MCCs, which has the advantage over an 552 expert-based approach by considering the combined effects of different measures and thus accounting for non-553 linearity in the system (i.e. the effect of two measures combined doesn't necessarily equal the sum of the effects 554 of the separate measures). While this approach has been used in the field of constructing MCCs for carbon 555 footprint reduction (Kesicki, 2010) , this has never been done before for the case of water footprint reduction. 556 557
Developing the MCC for WF reduction for three specific irrigated crops, we found that when aiming at WF 558 reduction one can best improve the irrigation strategy first, next the mulching practice and finally the irrigation 559 technique. Moving from a full to deficit irrigation strategy is found to be a no-regret measure: it reduces the WF 560 by reducing water consumption at negligible yield reduction, while reducing the cost for irrigation water and the 561 associated costs for energy and labour. Next, moving from no to organic mulching has a high cost-effectiveness, 562 reducing the WF significantly at low cost. 
